ing only a pairwise comparison of objects in each round of iteration. This avoids the dreaded combinatorial explosion, because the computational effort scales only might form the basis for such a scheme. We begin by quadratically with the number of neurons. A corollary testing whether these correlations are limited to pairwise is that the algorithm will recognize a large group of interactions among ganglion cells or extend over larger synchronized neurons only if some smaller subgroup groups. To do this, we introduce an information-theowas also deemed to be significant. In this sense, the retic algorithm that can identify arbitrarily large groups method is conservative. Another important aspect is of cells engaged in concerted firing. This allows us to that the assignment of cells to patterns is not exclusive: quantify the prevalence of concerted activity and to deone neuron can participate in several different groups termine which firing patterns are candidates for a con-( Figure 2B ). This emerged as a useful feature, because certed code. We then inspect what messages these such behavior occurs frequently in the retinal output firing patterns convey about the visual stimulus, and signals. show that these differ greatly from what one would expect if ganglion cells acted independently. Thus, groups of ganglion cells appear to engage in a concerted code Synchronized Firing in the Retina We applied this method to search for synchrony in spike for vision, and their output cannot be fully deciphered without distinguishing between synchronous and nontrains of retinal ganglion cells from tiger salamanders and rabbits. Synchrony between two spikes was defined synchronous activity.
as a time delay Ͻ25 ms. This choice was made specifically to capture the "intermediate width" correlations Results among ganglion cells, which are the most prominent form of synchrony and are thought to arise in the inner An Algorithm to Find Groups of Synchronized Neurons retina (Mastronarde, 1989; Brivanlou et al., 1998) . Initially, we inspected spontaneous activity in darkness. As reported previously (Mastronarde, 1989 ; Brivanlou et al., 1998; Usrey and Reid, 1999), pairs of nearby retinal Our algorithm identified many groups of cells that fired synchronously. To quantify the prevalence of this conganglion cells had a strong tendency to fire in synchrony, even when recorded in complete darkness (Figure 1) . certed firing, we determined the fraction of all recorded spikes that occurred in multineuron firing patterns. In Direct inspection of the spike trains in such experiments various retinae this fraction was 16% (rabbit, 16 reexpected, whereas the typical synchronous triplet occurred ‫001ف‬ times more frequently than expected. For corded cells), 17% (salamander, 23 cells), 43% (salamander, 44 cells), and 60% (salamander, 39 cells), and some triplets this ratio was 10 3 or more, and generally the correlation index was somewhat stronger under viit increased the more ganglion cells were recorded by the electrode array. These numbers likely underestimate sual stimulation. As suggested by the example in Figure  1 , the strength of correlation among groups of three cells the actual contributions of activity in multineuronal firing patterns. First, the electrode array records from only a was not simply explained by the underlying pairwise correlations: Triplets of spikes typically occurred 10 fraction of the ganglion cells in its vicinity ‫;%51ف(‬ Meister et al., 1994), leading to a systematic underestimate times more frequently than expected, assuming that the most significant pair and the single cell composing the of the size of groups, as some of the partners in the group may not be recorded (Experimental Procedures).
triplet fired independently (Figure 3, inset) . Altogether, synchronous firing seems to account for Further, the search algorithm is not exhaustive and may have missed some spiking groups even among the cells half the retinal output or more, and it is clearly distinct from chance coincidences of spikes. Thus, it is worth whose activity we did record. Thus, the results presented here are conservative estimates. studying these patterns further. To estimate the significance for the identified firing patterns, we measured how frequently a pattern ap-
Properties of Synchronous Spiking Groups
As an example, we will examine in depth the responses peared compared to the frequency expected if the participating cells were all firing independently of each in a representative population of 44 salamander ganglion cells, whose activity was recorded first in darkness other. The "correlation index" (Meister et al., 1995) is the ratio between the observed frequency of synchronous and then under visual stimulation with a randomly flickering checkerboard (Meister et al., 1994 (Meister et al., , 1995 . Many firing and that expected by chance (Experimental Procedures). Its distribution is shown in Figure 3 for synchrosynchronized groups were identified in this population: 143 groups during spontaneous firing in darkness, and nous groups of size 2 and 3. The typical synchronous spike pair occurred ‫01ف‬ times more frequently than 99 groups under visual stimulation. Groups of two cells The randomly flickering checkerboard is a strong stimulus for retinal ganglion cells, and one might expect participated in more than one firing pattern. Especially in darkness, some cells were active in many groups, this to dramatically alter the patterns in which neurons fire. In general, the number of significant groups desometimes over 20 ( Figure 4B ). Other neurons participated in zero or only a few groups. The median number creased under visual stimulation ( Figure 4A ), but the remaining ones were similar to those in darkness. In the of groups per cell was 5.5. This raises the possibility that an individual ganglion cell may help transmit a variety of above sample population, 37% of the groups encountered under flicker stimulation also fired together in darkdistinct visual messages, depending on which other cells spike simultaneously. In principle, a small number ness. For individual neurons, the fraction of spikes in groups was highly correlated in darkness and flicker, of neurons would be sufficient to construct many different groups: for example, four neurons could form nine although a few cells participated in no groups under one condition or the other ( Figure 4D ). One concludes different synchronous groups. Thus, it is interesting to examine the actual number of distinct partner cells that that synchronous firing in groups is prominent with and without visual input, and that some of the networks that a neuron engages within all its groups. This was found to vary over a broad range, up to Ͼ10 partners ( (Figures 7A and 7B ). For example, in the thresholding analysis of Figure 7B , the receptive field area for triplets was 95% Ϯ 20% (mean Ϯ SD) that of the underlying pairs. Pairs, triplets, quadruplets, and higher-order patterns all have a similar receptive field size, which is considerably smaller than that of a single cell. This is consistent with the notion that any firing to the visual cortex. Groups of synchronous spikes will identifies them as a group carrying its own message be preserved in this process, because there is little temabout a distinct visual feature. The absolute timing or poral dispersion. Neurons participating in a synchrofrequency of that spike pattern encodes when or how nous group tend to be of the same cell type and located much of that feature occurred in the visual stimulus. The near each other on the retina; thus, they will have axons exact nature of that relationship between stimuli and of similar length and diameter, and therefore similar conspike groups remains to be spelled out, but one can duction times to the target. In fact, direct measurements think about neural coding by spike groups using the of conduction times in the cat suggest that the total same kinds of models previously applied to single spike latency from a retinal ganglion cell through the LGN to trains (Meister and Berry, 1999) . the cortex varies by Ͻ3 ms among cells of the same An important condition for such concerted coding is functional class (Cleland et al., 1976) . Once the signals that the average firing rate of ganglion cells must be reach the visual cortex, the neural bottleneck is passed, low enough to avoid spurious coincidences that could and a much larger neuronal population is available to be interpreted as synchrony tags. This is indeed the encode the scene. These recipient neurons can act as case, in both amphibian and mammalian retina (Meister, coincidence detectors for spikes impinging from differ-1996). The retina can afford these low average firing ent afferent fibers (Alonso et al., 1996; Usrey et al., 2000) . Thus, the early visual cortex may well decode the distribrates because the temporal variation in the stimulus, has been argued that the metabolic energy required to maintain spiking is a serious constraint on retinal func- where M is the number of spike trains, P i is the probability that predominance of synchronous firing suggests that this is symbol i has a spike in an arbitrary time bin, not the only constraint, because many action potentials could be saved with a "labeled line" coding scheme.
Instead, the system finds itself under competing pressures, among them the need for acute vision, the need ing the probability that A and B fire together by
Experimental Procedures
Multielectrode Recording and Visual Stimulation one finds that the net reduction in entropy from the recoding is The preparation of the retina, visual stimulation, and recording of ganglion cell spike trains were conducted as described (Meister et
al., 1994; Smirnakis et al., 1997). In brief, a piece of isolated retina was placed ganglion cell side down onto a flat array of 61 extracellu-ϩ P A log (P A Ϫ P AB )(1 Ϫ P A ) (1 Ϫ P A ϩ P AB )P A lar electrodes spaced at 60 m distances. Spikes from the ganglion cell layer were recorded on all channels in parallel and sorted into single-unit spike trains. The spatial location of a ganglion cell body ϩ P B log (P B Ϫ P AB )(1 Ϫ P B )
(1 Ϫ P B ϩ P AB )P B was triangulated from the electrodes that recorded its spikes, with each electrode location weighted by the corresponding spike amplitude.
ϩ P AB log P AB (1 Ϫ P B ϩ P AB )(1 Ϫ P A ϩ P AB )
(1 Ϫ P AB )(P A Ϫ P AB )(P B Ϫ P AB ) (6) Visual stimuli were generated on a computer monitor and projected demagnified onto the retina. For random checkerboard stimuIf ⌬H AB is positive, one can compress the data set by representing lation, the field was divided into a grid of 70 m squares. Within the joint firing of A and B explicitly in AB, and the value of ⌬H AB each square, the red, green, and blue guns of the monitor were is the number of data storage bits per time bin one saves by making turned on or off by a random choice. New random values were the replacement. chosen periodically at time intervals of 15-120 ms. The mean light To gain some intuition for this criterion, consider the case of intensity of the stimulus ranged from high scotopic to low photopic. P AB ϽϽ P A , P B , where only a small fraction of each cell's spikes are joint firings (Redlich, 1993) . Under those conditions, Equation 6 simplifies to Identification of Synchronous Spiking Groups ⌬H AB Ϸ P AB log(P AB /P A P B ). (7) We identified groups of synchronized cells in the recorded spike trains by seeking a so-called factorial recoding of the data that In this limit, one sees that the benefits of defining the new symbol would compress the spike trains. This is a common approach for AB are greater the more often the joint firing event occurs, due to finding and removing patterns in a data set for the purpose of comthe factor P AB . Additionally, the factor log(P AB /P A P B ) is large when pression (Storer, 1988) . Specifically, we adapted a method due to joint firing occurs much more often than predicted from the product Redlich (1993) that is suited for data containing strong correlations of the individual firing rates. Thus, our measure of a firing pattern's within certain subsets of the symbol set but few correlations beimportance is a combination of its absolute frequency and its relative tween these subsets. In multineuron spike trains, such strongly corunexpectedness given the firing rates of the constituent neurons. related subsets correspond to cells that fire together as a group.
The identification of groups begins by computing ⌬H AB for all cell The ganglion cell spike trains were binned into time intervals of pairs. The pair yielding the largest value is chosen and its synchrowidth 50 ms, and represented in a binary fashion: nous spikes are given a new symbol AB, as described above. Then this process is repeated. In each round, the symbolic cells of previous iterations are treated on an equal footing with the real cells. r 
If the values of the random checkerboard stimulus are s ijk ϭ stimulus value for time bin i, whereas the frequency expected if they were firing independently is region j, and monitor gun k,
and the resulting response of a retinal ganglion cell is For each group we computed the ratio of these two terms, the r i ϭ number of spikes fired in time bin i, (15) correlation index then the spike-triggered average stimulus is computed as
h ijk ϭ spike-triggered average stimulus in time bin i For Figure 3 , inset, we computed P ABC /(P AB P C ), the frequency of a triplet ABC compared to that of the single cell C and the pair AB relative to the spike, region j, and monitor gun k. Ϫ a i b j c k ) 2 . Because the electrode array does not record from all the overlying cells, the observed groups of synchronized cells will tend to be smaller than the actual groups. Suppose the recording method is Although the responses of retinal ganglion cells do not exactly sepaunbiased, such that each ganglion cell has a probability f of being rate in space, time, and color (Wandell, 1995; Meister and Berry, recorded. For a cell group of actual size L, the probability that it 1999), this approximation provided a good estimate of the spatial appears in the recording with size M is specified by the binomial receptive field. The shape of this profile b(x j ) was then fit with a twodistribution:
dimensional Gaussian bell shape, 
